Introduction
Pesticides in water are a source of concern to both legislators and the public. Authorities in the European Union (EU) are concerned that colloids can facilitate the transport of contaminants to groundwater in excess of the EU limit of 0.1 "g l ±1 (Council of the European Communities, 1980) . This concern has been heightened by suggestions (Sharpley & Smith, 1995) that the increased spreading of animal manure is enhancing the potential for colloidally facilitated transport and thereby increasing the risk of excessive biocide concentrations in groundwaters. There is evidence of interactions of this kind. Means & Wijayaratne (1982) showed that natural colloids enhanced the transport of atrazine and linuron, and Magee et al. (1991) found dissolved organic matter to decrease the retention of phenanthrene in soil. Additionally, numerous studies suggest that colloids are good sorbents for pesticides and other contaminants (Rees, 1991) , and more recently Worrall et al. (1999) have shown that peaks in the concentration of pesticides in drainage coincided with peaks in that of dissolved organic matter.
Losses of nitrate from agricultural land also cause widespread worry, but recent medical advances (e.g. Dykhuizen et al., 1996; L'hirondel & L'hirondel, 1996) suggest that, despite previous reports, some intake of it is bene®cial to human health. Nutrient losses are therefore primarily an environmental problem. The main environmental problem is algal blooms, which are usually limited by phosphate in freshwater (e.g. Reynolds, 1992; Sharpley et al., 1994) and by nitrate in the sea. We therefore need to take at least as much interest in losses of phosphate in water draining from soil as in those of nitrate, especially as we now know that it is mobile in soil (Heckrath et al., 1995) . Recent studies have shown that particulate matter can facilitate the vertical movement of P to drainage waters (Beauchemin et al., 1998; Laubel et al., 1999) . The losses could be important environmentally, as Berge & Ka Èllqvist (1990) have shown that up to 30% of particulate P in water is biologically available. As with nitrate, it is important to ®nd out how much these losses are increased by the use of inorganic fertilizers and animal manures.
A previous study (Hesketh et al., 1998) showed two extremes of behaviour with respect to transport on suspended soil material. Chlordane, an organochlorine pesticide, was carried through the soil only when sorbed on suspended solids, and none moved in solution. Bromide, on the other hand, moved only in solution, as would be expected. The result was that chlordane appeared in the drainage ahead of bromide, probably because it was transported only in the larger pores in the soil, whereas bromide also moved in smaller pores with slower-moving water and, unlike chlordane, was free to diffuse into immobile water. This paper compares the transport of phosphate and triallate, which are likely to move both in solution and on suspended material, with that of chlordane and bromide.
This study aimed to provide answers to three questions. 1 How does the facilitation of transport by suspended soil material differ between phosphate, triallate and chlordane? 2 Do the effects of pig slurry on transport differ between triallate and chlordane? 3 Are there any differences between the losses from phosphate applied in pig slurry and those from the same quantity of phosphate applied in inorganic form?
The questions were addressed using a well-established set of monolith lysimeters containing a sandy soil.
Methods

Construction and treatment of lysimeters
The study was made in Great Hill Field, Woburn Farm, in Bedfordshire, England, on a sandy soil containing approximately 8% clay. This soil, classi®ed as Cottenham series (Catt et al., 1975) , resembles a Cambic Arenosol. The soil's organic carbon content, measured by dry combustion in a Leco FP 2000 carbon analyser, was 0.95%, and the pH, determined in a soil:solution ratio of 1:2.5, was 7.1.
Eight deep lysimeters, 135 cm deep and 78.8 cm in diameter, and four shallow lysimeters, 65 cm deep and 78.8 cm in diameter, each with a drainage pipe and storage bottles, were installed in 1988 by Webster et al. (1993) using the method of Belford (1979) , which minimizes the disturbance to the soil. The pipes and storage bottles were cleaned regularly. No crop was grown and the soil surface was kept free of weeds throughout the experiment. Drainage water was collected in darkened glass bottles to minimize algal growth and photodegradation.
Each lysimeter designated for the pesticide treatment received 10 g of triallate (5-2,3,3-trichloroallyl di-isopropyl(thiocarbamate)) and 10 g of chlordane (1,2,4,5,6,7,8,8-octachloro-2,3,3a,4,7,7a-hexahydro-4,7-methanoidene) , both obtained from Dr Ehrenstorfer GmbH. These applications corresponded to about 200 kg ha ±1 of each pesticide, 100 times the normal agricultural applications. To minimize the loss of the pesticides by volatilization, the top 2 cm of soil was removed, the chemicals applied and the soil replaced (White et al., 1977) . Pig slurry was applied to the selected lysimeters at 2 kg per lysimeter (40 t ha ±1 ). This provided 52 kg ha ±1 of P as phosphate, and the same quantity of phosphate-P was applied in inorganic form to the lysimeters designated to receive it. Bromide, as aqueous KBr, was applied to each lysimeter at 2 g per lysimeter (40 kg Br ± ha ±1 ) to provide a non-sorbed solute for comparison. The 12 lysimeters available had to accommodate both the experiments on the effects of pig slurry on pesticide losses and those on the losses of phosphate from pig slurry and inorganic phosphate. The way the treatments were arranged (Table 1) meant that both pesticides were applied to the same lysimeters. They are, however, unlikely to have interfered with each other's sorption because, even if they were located in the same 1-cm band of soil, their concentrations would have been only about 2 mg kg ±1 . There were suf®cient deep lysimeters for the treatments to be duplicated, but replication was not possible in the shallow lysimeters. The treatments were applied on 14 August 1995, and to overcome the then soil water de®cit, each lysimeter received approximately 95 l distilled water during the ®rst 4 days. The water was applied using a watering can. This was equivalent to 190 mm of rain, that is, about 4 months' rain. This rather extreme treatment was to accelerate the reaching of ®eld capacity because of the limited time available for the completion of the project. Although such a treatment would not normally be desirable, it increased the information obtained from the experiment, partly simply because it enabled suf®cient measurements to be made and partly because it represented the upper extreme of likely rainfall. The lysimeters subsequently received only natural rain. Water samples were collected every 14 days and stored in darkened glass bottles in a cold room at 4°C prior to analysis.
Water analysis
The isolation of chlordane and triallate, and the fractionation of suspended soil material from drainage waters has been described in detail previously by Hesketh et al. (1998) .
Recoveries of the pesticides were assessed by adding varying concentrations of triallate and chlordane standards (Supelco) to distilled water, and using the extraction method described above. The recovery of triallate was about 92% and that of chlordane about 97%, comparing well with the 84 T 14% at 0.05 "g l ±1 reported by Wang et al. (1998) for triallate and the 95% at 1 "g l ±1 found for chlordane by the manufacturer (Waters Associates, 1984) .
Total phosphate was determined by digesting the solution and any soil-derived material it contained with aqua regia and analysing the resulting solution for phosphate by inductively coupled spectroscopy in an ARL Accuris ICP-ES.
Gas chromatography
The solutions extracted from the water samples were analysed for chlordane and triallate using a Phillips Pye Unicam series 304 gas chromatograph ®tted with a Supelco SPB-5 fused silica capillary column (30 m Q 0.32 mm, and internal diameter 1.0 "m) and a split/splitless injector. For chlordane analysis an electron capture detector was used and for triallate a¯ame ionization detector was used. Hydrogen was used for the carrier gas and nitrogen for the make-up gas. The¯ow of the carrier gas was 2 ml minute ±1 . The injector and detector temperatures were 250°C and 300°C, respectively. The temperature programme used was: initial temperature of 125°C with an increase of 10°C minute ±1 until 250°C and then kept constant for 20 minutes, then a increase of 10°C minute ±1 until 290°C and then kept constant for 15 minutes. The retention times of triallate, -chlordane and -chlordane were 15, 30 and 32 minutes, respectively.
Bromide analysis
A full description for the analysis of bromide in drainage waters can be found in Hesketh et al. (1998) .
Results
Breakthrough patterns
The patterns of breakthrough for phosphate, triallate, chlordane and bromide could be compared directly in four of the deep lysimeters ( Figure 1) and two of the shallow lysimeters ( Figure  2 ). These ®gures have subdiagrams for the individual lysimeters so that the detail can be seen clearly, and these can be compared validly because of the small variation in the amounts of drainage from the lysimeters (coef®cient of variation 5%). Thè concentrations' shown are not all concentrations in the usual sense, because they were obtained by dividing the total amount of the chemical, sorbed on suspended material and in solution, by the volume of water at each sampling interval. The concentration of bromide has its usual meaning, but those of the other chemicals do not, and the word`concentration' is used as a matter of convenience. Note that the chlordane concentrations were very small and are multiplied by 100 in the diagrams so that their patterns can be compared with those of triallate. In the deep lysimeters, the patterns were not all the same, but some general trends emerged. Of these, the most important one was that the bromide peak concentration was always the last to appear, showing clearly that the transport of phosphate, triallate and chlordane was facilitated by suspended or colloidal soil material. Otherwise, the ®rst phosphate peak always occurred before the ®rst peak of chlordane but coincided in lysimeters 4 and 6 with the ®rst triallate peak. The ®rst chlordane peak coincided with the ®rst triallate peak in lysimeter 2, preceded it in lysimeter 8, followed it in lysimeter 6, and failed to appear at all in lysimeter 4, from which no chlordane was leached at all. Chlordane and bromide always showed a single peak, but phosphate showed three, four or ®ve peaks. Triallate showed a single peak in two of the lysimeters, a large and a small peak in another, and two substantial peaks in a fourth. The breakthrough patterns in the shallow lysimeters were broadly similar to those in the deep ones, except that the bromide peak in one of them appeared sooner than in the other lysimeters (Figure 2) .
No signi®cant effects of the pig slurry on the maximum concentrations of any of the chemicals or of the inorganic phosphate on the maximum phosphate concentrations could be found ( Table 2 ). The concentration of chlordane depended entirely on suspended soil material and no chlordane moved unless it was attached to such material (Hesketh et al., 1998) . As the transport of chlordane was facilitated by sorption to suspended solids, triallate bound to such material might have been expected to appear in drainage before triallate in solution, but this happened in only three of the deep lysimeters (numbers 4, 6 and 8) and one (no 12) of the shallow ones (Figure 3) . In another of the deep lysimeters (no 2) and the other shallow one (no 11), the bound and solution triallate peaked together.
The amounts of triallate and chlordane applied had been 100 times greater than the amounts applied in standard agricultural practice, but the maximum concentration of chlordane found in Effect of soil material and pig slurry on transport in sandy soil 289 the drainage from any lysimeter, 78 ng l ±1 , was still less than the European Union limit of 0.1 "g l ±1 for any one pesticide. The maximum concentration of triallate found, 8.0 "g l ±1 , was greater than the limit, but should have been just within it for a standard application.
Total losses
The greatest cumulative loss of phosphate from any deep lysimeter, 3.5 mg, was only 0.14% of the amount applied, but one of the shallow lysimeters lost about 8 times as much. These losses may have included phosphate previously in the soil. The losses of triallate and chlordane did not differ so much between the deep and shallow lysimeters, and the greatest losses were both from shallow ones, 5.5 g ha ±1 for triallate and 48 mg ha ±1 for chlordane. These losses represented 0.003% and 0.00002% of the amounts applied.
There were no signi®cant increases in losses of phosphate from the lysimeters from applying either the pig slurry or the inorganic phosphate ( Table 2 ). The pig slurry increased the total loss of triallate signi®cantly by 55 "g per lysimeter (P < 0.05) but not that of chlordane (Table 2 ). The apparent decrease in chlordane loss when slurry was applied was due mainly to lysimeter 4, from which no chlordane was lost at all.
The amounts of bromide lost in the drainage waters were approximately 50% from the deep lysimeters and 75% from the shallow lysimeters. We assumed that the remaining bromide was held in the relatively immobile zones of the soil matrix.
Effects of suspended soil material of different sizes
There was too little material in each size fraction for the amounts of phosphate and pesticides associated with each size fraction to be measured, so the size fraction with which the loss of each of them was associated had to be determined statistically. A previous paper (Hesketh et al., 1998) showed that losses of chlordane were correlated most strongly with those of the largest size of suspended soil material (> 1.2 "m) and that the correlation of chlordane loss with that of suspended material declined so regularly with the size of the suspended material that the correlation coef®cient was signi®cantly related to the logarithm of the diameter. The correlations for phosphate and triallate are compared with those for chlordane in Table 3 , and some similarities can be seen. In each case the correlation with the largest size of suspended soil material was the strongest and the correlation declined, and became negative for triallate, as the size became smaller. The shallow lysimeters in¯uenced these correlations strongly, because the losses of phosphate, pesticides and suspended soil material were all greater from them than from The very small loss and concentration of chlordane with slurry applied occurred because one of the lysimeters in this treatment lost no chlordane at all.
Effect of soil material and pig slurry on transport in sandy soil 291 Despite the apparent similarities in the correlations, no similarities were found between phosphate and the pesticides when their losses were plotted against the losses of even the largest size of suspended material (> 1.2 "m), for which the correlations were strongest (Figure 4) . The curves for phosphate and chlordane differed completely, although they were both regular, and that for triallate showed no evidence of any relation, as expected from the correlation coef®cient. Chlordane loss, L C (in "g), was related to the loss of the large suspended soil material (> 1.2 "m), S (in mg), by the asymptotic exponential regression
shown in Figure 4 (c), which accounted for 99.5% of the variation in chlordane loss (Hesketh et al., 1998) . This is the type of relation which would be expected if the loss was limited by the amount of chlordane susceptible to leaching and therefore had an upper limit. The loss of phosphate, L P (in mg), was also ®tted well by an asymptotic exponential regression on the loss of the large suspended material, S (in mg). This regression,
which accounted for 98% of the variation, is shown in Figure 4 (a). It differed from the regression for chlordane in that it was asymptotic in the opposite direction, having a lower rather than an upper asymptote, and it cannot be interpreted as satisfactorily. It can be seen to imply that, even if the loss of large suspended soil material declines to zero, there will still be a loss of phosphate, but this is obvious without the regression, because of the dissolved phosphate. Another question arises from the fact that, whereas the relation for chlordane seemed unequivocally to cover both depths of lysimeter, that for phosphate could be interpreted as showing separate relations for the two depths. Considered on their own, the phosphate losses for the deep lysimeters showed no evidence that they increased with the losses of large suspended soil material, but those for the shallow lysimeters increased clearly with the losses of large material.
Discussion
The key ®nding in this experiment was the extent to which the transport of phosphate, triallate and chlordane was facilitated relative to that of bromide by suspended soil material. The rapid appearance of phosphate in the drainage occurred partly because, unlike the other chemicals, it was not restricted to the soil surface initially, but the`holdback' of bromide relative to triallate and chlordane has to be explained mainly in soil physical terms. Though sandy, this soil may well have contained both mobile and immobile water, if it behaved like that on which De Smedt et al. (1986) experimented. The suspended soil material carrying the chlordane and some of the triallate was probably on the soil surface when the chemicals were applied and could have moved rapidly through the larger pores, particularly during the substantial initial applications of water. Little, if any, would have been diverted into immobile water. Bromide, however, was free to diffuse into immobile water both when it was applied and during the intermittent downward¯ow in the mobile water. It therefore appeared in the drainage later than the triallate and chlordane and persisted in it longer, as the¯ow of mobile water was replenished with bromide by diffusion from the immobile water. The`hold-back' can also be interpreted as re¯ecting the range of water velocities in the soil. Suspended soil material will tend to travel only in the larger and faster pathways, while bromide will travel in the slower ones too. All the questions posed in the Introduction were answered by the results from the lysimeters. The ®rst question concerned differences in the facilitation of the transport of phosphate, triallate and chlordane. The transport of chlordane was facilitated by that of suspended soil material to the extent that no chlordane moved unless attached to such material. The chlordane loss was associated most closely with that of the largest size fraction (> 1.2 "m) of the suspended material. Phosphate loss also seemed to be associated with this material, but clearly not in the same way as that of chlordane, and the relation may have derived only from the shallow lysimeters in which material suspended in the soil is less likely to be trapped before reaching the base of the lysimeter. There are two reasons why phosphate and chlordane should differ in their behaviour. One is simply that at the start of the experiment the chlordane was all at the soil surface but the phosphate was not. Another is that chlordane is a lipophilic compound and therefore sorbed by organic matter in the soil whereas phosphate is sorbed by soil minerals such as clays and iron and aluminium oxides. Considering these two types of sorption does, however, cast light on one feature common to the losses of phosphate and chlordane, the observation that both were correlated best with the losses of the coarsest suspended soil material (> 1.2 "m). In the sandy soil used in the lysimeters, this large material includes large sand grains and aggregates of smaller particles bound together by organic matter and clay, and the good correlations probably arose from the association of the phosphate and chlordane with these sorbing materials in the aggregates. Both correlations weakened as the sizes of the fractions became smaller, and this could simply imply that as they became smaller they contained less aggregated material and therefore less organic matter and clay. Triallate clearly did not behave like chlordane or phosphate (Table 3 ; Figure 4 ), and in asking why this was so we need to turn to the second question in the Introduction. The answer to the second question, whether the effects of pig slurry on transport differed between triallate and chlordane, was clearly that they did. Applying slurry signi®cantly increased the loss of triallate but not chlordane. The difference in behaviour between the pesticides almost certainly re¯ects differences in their af®nity for organic matter. Chlordane is strongly lipophilic and although triallate is also lipophilic, it is less markedly so than chlordane. Jury et al. (1987) found that the organic carbon partition coef®cient (K OC ) value was more than 10 times greater for chlordane than for triallate. This might have meant that chlordane was so strongly sorbed by organic matter in the soil when it was applied that it could not be re-mobilized subsequently by the slurry, whereas the less strongly sorbed triallate was more readily brought into solution or suspension by dissolved or colloidal organic matter from the slurry. This suggested ability of triallate to move from particles of organic matter to dissolved or colloidal organic matter accords with the results of Worrall et al. (1999) and might explain why it behaved so differently from phosphate and chlordane with respect to the large suspended soil material. Against it, however, stands the absence of any clear effect of slurry on the distribution of triallate between the bound and solution categories in Figure 3 .
The third question in the Introduction concerned differences in losses of phosphate from applications of pig slurry and inorganic phosphate. Applying slurry clearly did not increase the loss or the maximum concentration of phosphate, while the inorganic phosphate increased the loss, but just not signi®cantly. Thus, there was no unequivocal evidence that either source contributed to phosphate loss or that there was any substantial difference between them in their effects.
The four solutes in this study were all subject to in¯uences other than the¯ow of water through the soil, and these in¯uences all differed between solutes. This emphasizes the point that solute transport models need to be used with a clear understanding of all the processes that act on the solute as it is carried through the soil.
Conclusions
This study has clearly shown that the transport of phosphate, triallate and chlordane was facilitated by suspended or colloidal material.
Chlordane moved entirely on suspended soil material, but pig slurry appeared to have no signi®cant effect on the amounts of chlordane lost. Triallate was probably moved by dissolved or colloidal material, and also in solution. Pig slurry was found to increase the total losses of triallate by 55 "g per lysimeter. As with chlordane, phosphate loss was facilitated by suspended or colloidal material and the addition of pig slurry to the soil did not increase phosphate loss.
Chlordane and triallate were applied to the soil at about 100 times the normal agricultural rate. The application was followed by signi®cant amounts of water to encourage the movement of these pesticides. Even under these extreme conditions only very small amounts of the pesticides were found in drainage waters. The maximum concentration of chlordane found in any drainage sample was 78 ng l ±1 , less than the drinking water limit of 0.1 "g l ±1 for any single pesticide set by the EU. The largest concentration of triallate measured was 8.0 "g l
±1
, which exceeds the EU guidelines. However, this would have been much less than the limit if triallate had been applied at normal rates. The total losses of chlordane and triallate were 0.00002% and 0.003% of the amounts applied, respectively. These results suggest there is a very small pollution risk to groundwaters from these pesticides even under these extreme conditions.
The large concentration of phosphate measured in the drainage waters was 0.06 mg total P l ±1 . If this phosphate concentration constantly reached surface waters there could be some environmental implications as eutrophication may occur at concentrations as small as 0.01 mg l ±1 dissolved P. However, the phosphate measured is travelling to groundwater, and if used as drinking water would pose no threat to human health.
